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Overview

1. AMR and NGS crash course

2. NGS tools for AMR detection

3. Examples and challenges in relation to NGS/AMR



Resistance to Antimicrobial Agents
From genotype to phenotype

• Resistance mechanisms

– Some bacteria are naturally (intrinsic) resistant 
• Lack/inaccessibility of target for antimicrobial agent
• Chromosomal resistance gene
• Multi-drug pumps
• Biofilm production
• And much more…..

– Acquired resistance
• Mutations of chromosomal genes/targets
• Acquisition of resistance genes e.g. on plasmids or transposons

Additional challenge: Genes may not be well expressed.



Known knowns, Known unknowns and unknown unknowns*

“Known knows”

- published and well-characterized AMR gene sequences or mutations

“Known unknowns”

- gene variants of known AMR gene sequences

“Unknown unknowns”

- new threats emerging e.g. from the environment

* Credit for the “known knowns,” “known unknowns,” and “unknown unknowns” perspective on the AMR crisis is given to Dr. 

Gerard D. Wright of McMaster University’s Michael G. De Groote Institute for Infectious Disease Research. The original 

quote is attributed to former United States Secretary of Defense Donald Rumsfeld.

CTX-M-15  beta-lactamase with extended spectrum  CTXR (CAZR, MEROS..)

TEM-345  beta-lactamase unknown spectrum  CTX? (CAZ?, MERO?..)

Mcr-1  Phospho-ethanolamine transferase  Reduced susceptibility to colistin

Known gene/mutation  predicted phenotype



Define why you want NGS!

What is the purpose for using NGS in relation to AMR?

• To predict phenotypes based on genotypes?

• To support bacterial typing data?

• To perform AMR surveillance (local, national or global)?

• To publish…?



Workflow with NGS at the clinical laboratory

How do I do that in my laboratory?

(4-7 days)



UNIX

Become a bioinformatician!

Python

Perl

JAVA

JAVAscript



Unix DOS

Mac OS X Linux Windows

Bioinformatic tools Bioinformatic
tools

Introduction & Background
NGS data analysis – Bioinformatics

WWW

Bioinformatic
tools



Mandatory readings



Take a course…



Take a course…



NGS Crash course
in relation to AMR

Huge numbers of small fragments (100-500 bp)



Reference vs. de novo assembly

Known genome

Reference assembly (mapping)

De novo assembly

Draft genome



De novo assembly

De novo assembly

Draft genome

Gene detection: BLAST alignment towards curated gene database

Mutations: Sequence scanning towards curated mutation database



Pitfalls for de novo detection of AMR

100% length

<100% length

AMR gene 1 AMR gene 2 AMR gene 3

False negative results

De novo assembly requires high depth of coverage to ensure high sensitivity

…and is therefore less sensitive to traces of contaminating DNA

Database



Pitfalls for de novo detection of AMR

100% ID

AMR gene 1a AMR gene 1b AMR gene 1c

Database

99.6% ID 99.6% ID 99.6% ID

? ? ?

Can we be sure that a gene <100% identical to the published 
genes has the same phenotype?

ACC(6’)-Ib  aminoglycoside resistance

ACC(6’)-Ib-cr  aminoglycoside + low-level fluoroquinolone resistance
≠2 nt



Pitfalls for detection of AMR by mapping
AMR gene 1 AMR gene 2 AMR gene 3

Mapping increases sensitivity for detecting AMR genes

…including traces of contaminating DNA

100% length

Important note: Make sure your NGS data has sufficient 
quantity and quality before you start working with them!

Database
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How to choose the appropriate tool?
1. Platform

 UNIX?
 Windows?
 MAC?
 Web-based?

2. Database
 Curated (and updated?) or home-brew database?
 Genes (all/transferable)?
 Mutations?
 Species specific?

3. Detection method

 Mapping versus de novo?

 Specific or general tools?

Important note: Validate your tools (pipelines) with a well-
characterized data set before you implement it in your daily work!



Mandatory readings



Mandatory readings



Mandatory readings

Important note: Remember to also read carefully the specific 
literature describing any tool you wish to use for detection of AMR



Overview - Databases

McArthur and Tsang, Ann. N. Y. Acad. Sci, 2017.



Overview - Tools

3.0

CGE KMA

McArthur and Tsang, Ann. N. Y. Acad. Sci, 2017.



Pathogen specific tools



CARD website

https://card.mcmaster.ca/



CARD website

Single gene upload Draft genome upload



CARD website



CARD website



Example – ResFinder

https://cge.cbs.dtu.dk/services/ResFinder/

Draft genome of S. Typhi TY_5359

(CIPS and ESBL producing) 





BLAST to ResFinder database (assemblies)

Draft genome of S. Typhi TY_5359

(CIPS and ESBL producing) 





UNIX tools – SRST2



ResFinder

BLASTn

De novo assembled data

Comprehensive gene db

SRST2

Mapping by Bowtie2

Raw sequencing reads

Reduced db (80% clusters)

KmerResistance (=KMA)

Mapping by kmers

Raw sequencing reads

Mapping to ResFinder db



Materials & Methods

• Two datasets

– Raw NGS data

– Phenotypic susceptibility test (MIC)

• Full dataset

• Down-sampled dataset

– 1% of original reads

DATASET DK UK

No. isolates

196 143

Bacterial species

-Salmonella Typhimurium -E. coli

-E. coli -K. pneumoniae

-E. faecalis

-E. faecium

Host

Pigs Human



Results

Dataset Method SMC*

UK – full set

SRST2 95.92%

ResFinder 96.04%

KmerResistance 96.04%

DK – full set

SRST2 97.57%

ResFinder 97.76%

KmerResistance 99.61%

UK - downsampled

SRST2 73.43%

ResFinder 71.33%

KmerResistance 95.34%

DK - downsampled

SRST2 90.47%

ResFinder 88.43%

KmerResistance 99.38%

SMC;  simple matching coefficient

* SMC = Simple matching coefficient



• 3491 Non-typhoidal isolates (227 serovars)

• Availability of both phenotypic data and NGS data

• Fifteen antimicrobials including ciprofloxacin 

• Mapping (Bowtie 2) of raw reads to homemade database



From Neuert S. et al, 2018

Mainly gene based resistance (transferable)

Both mutation based (chromosomal) and gene based resistance (transferable)







Time is life (and money)

Isolation

Purification

Sequencing

Relatively..

• low price per isolate

• well-proven technology

• high precision (low error rate)

• slow

..and no reads in real-time

Relatively..

• expensive 

• experimental technology

• low precision (high error rate)

• fast

..and reads available in real-time



Illumina vs ONT MinION data

Repeat area (rRNA, IS, homologue genes ect..)

A

B

C



A: Illumina assembly



B: MinION reads

Error rate around 5-15%....impossible to identify specific genes.



C: MinION assembly

Error rate around 5-10%....impossible to identify specific genes.



• 1668 clinical isolates

• Availability of both MIC data and NGS data

• Twenty antimicrobials including ciprofloxacin 

• Kmer-based machine learning  no a priori knowledge about genes





Conclusions

NGS is a wonderful tool to study AMR, but…

• “Known knowns” are easier to predict than “Known unknowns” 

• Define your need first…then find the best tool(s) to get there

• Read the paper(s) describing the tool(s) you select

• Consider to hire a bioinformatician …but keep the leach short!

Thank you for your 
attention

Questions?


